Opioid analgesics remain a treatment option for refractory acute and chronic pain, despite their potential risk for abuse and adverse events (AEs). Opioids are associated with several common AEs, but the most bothersome is opioid-induced constipation (OIC). OIC is often overlooked but has the potential to affect patient quality of life, increase associated symptom burden, and impede long-term opioid compliance. The peripherally acting µreceptor antagonists (PAMORAs) are a class of drugs that include methylnaltrexone, naloxegol, and naldemedine. Collectively, each is approved for the treatment of OIC. PAMORAs work peripherally in the gastrointestinal tract, without impacting the central analgesic effects of opioids. However, each has unique pharmacokinetic properties that may be impacted by coadministered drugs or food. This review focuses on important metabolic and pharmacokinetic principals that are pertinent to drug interactions involving µ-opioid receptor antagonists prescribed for OIC. It highlights subtle differences among the PAMORAs that may have clinical significance. For example, unlike naloxegol or naldemedine, methylnaltrexone is not a substrate for CYP3A4 or p-glycoprotein; therefore, its plasma concentration is not altered when coadministered with concomitant medications that are CYP3A4 or p-glycoprotein inducers or inhibitors. With a better understanding of pharmacokinetic nuances of each PAMORA, clinicians will be better equipped to identify potential safety and efficacy considerations that may arise when PAMORAs are coadministered with other medications.
Introduction
Clinicians choose opioids for the management of both acute and chronic pain as part of multimodal treatment plans. 1 While most are familiar with the toxicities associated with opioid use, many overlook more common adverse events (AEs). Opioid-induced constipation (OIC) and other side effects such as nausea, vomiting, and somnolence are common and bothersome AEs that may be associated with increased symptom burden and limit long-term compliance with opioid therapy. 1, 2 Four drugs are currently approved by the US Food and Drug Administration (FDA) for the treatment of OIC. Lubiprostone, a chloride channel-2 agonist, increases fluid content in the gastrointestinal (GI) tract without known pharmacologic activity at opioid receptors. 3 Three peripherally acting μ-opioid receptor antagonists (PAMORAs) are currently available for the treatment of OIC: methylnaltrexone, naloxegol, and naldemedine (Table 1) . Each has demonstrated efficacy for OIC in patients taking opioid medication for chronic pain. [4] [5] [6] PAMORAs bind to opioid receptors in the periphery, potentially blocking their activation by exogenous opioid exposure within the GI tract to prevent or minimize constipation. PAMORAs have specific properties such as low lipid solubility, large structure, and strong polarity that allow them to resist diffusion across the blood-brain barrier (BBB) at therapeutic doses; 7-9 therefore, opioid withdrawal typically does not occur and central opioid analgesic effects are maintained. 10 Drug-drug, drug-food, and drug-disease interactions are common when treating both pain and analgesic side effects, especially in patients with comorbidities requiring polypharmacy. While not all drug interactions are clinically meaningful, some are therapeutically significant and can affect the safety and efficacy profiles of concomitantly used drugs. Moreover, adverse drug interactions may have a significant economic impact, including more doctor visits, additional treatments, and hospitalizations, 11, 12 which may contribute to increased morbidity and even mortality.
Each of the three PAMORAs approved for OIC has subtle pharmacokinetic differences that clinicians should consider. The objective of this review is to provide a primer of metabolic and pharmacokinetic principles that impact drug interactions involving µ-opioid receptor antagonists prescribed for OIC.
Overview of Pharmacokinetic Metabolism Important to Drug Interactions Phase I and Phase II Metabolism
The major site of drug metabolism is the liver, and a process known as the "first-pass effect" attempts to keep a drug from reaching the systemic circulation immediately after enteric absorption by its rapid uptake and metabolism into inactive compounds by the liver. Not all drugs are metabolized on first pass through the liver, and some are excreted from the liver unchanged. Hepatic metabolism is composed of two phases. In Phase I, the drug may be functionalized or inactivated, and in Phase II, the drug is conjugated ( Figure 1 ) to a more readily excretable form. 13, 14 Most Phase I reactions are catalyzed by the cytochrome P450 system (CYP450) (see overview of CYP450 below). Common chemical reactions during Phase I include hydroxylation, dealkylation, oxidation, reduction, and hydrolysis. 14 These reactions convert a parent drug to more polar metabolites by unmasking or inserting a polar functional group (eg, −OH, −SH, −NH2). The purpose of these reactions is to convert a highly lipophilic drug to a hydrophilic metabolite to prepare the drug for Phase II conjugation. 13, 15 Many drugs have more than one metabolite, any of which may be more or less pharmacologically active than the parent compound. In Phase II, the products derived from the Phase I reactions are conjugated by a variety of transferase enzymes. During this process, a suitable moiety (eg, glucuronic acid, glutathione, sulphate, glycine) is conjugated to the Phase II metabolite. 13 Common Phase II reactions include glucuronidation, sulfation, amino acid conjugation, acetylation, methylation, and glutathione conjugation, which enhance water solubility for secretion into the bile or urine. 14 
Cytochrome P450
The CYP450 system of heme proteins is integral to drug metabolism. 16 Approximately 75% of medications are metabolized by CYP450 enzymes, 17 and of these drugs, more than 80% are metabolized specifically by CYP450 3A4 and 3A5. 17 In addition to the liver, CYP450 enzymes also are present in the small intestine, which may impact drug absorption during first-pass metabolism. 16 To facilitate an understanding of this metabolic system, it is helpful for clinicians to think about medications as substrates, inducers, auto-inducers or inhibitors of CYP450 enzymes. Many medications are substrates, which can be generally defined as substances that are metabolized by one or more CYP enzymes to a more hydrophilic form for excretion. 17, 18 Substrates may also be inhibitors or inducers as described below.
Inducers are drugs that can increase the synthesis of one or more CYP450 enzymes. 18 Drugs that induce CYP450 enzymes may result in lower plasma concentrations of the substrate (drug), potentially lowering their blood levels to subtherapeutic concentrations. 16, 17 Enzyme induction occurs within 3 weeks, and its effects decrease gradually as the inducer is discontinued. 17 When an inducer is discontinued, it may take 2 to 4 weeks for its effects to wane, after which the substrate levels could increase significantly. 17 Some drugs, including carbamazepine, are auto-inducers, meaning that they can induce their own CYP450-mediated metabolism because they are both a substrate and an inducer for the same enzyme. 18 In this case, carbamazepine could have therapeutic serum levels for 2 to 3 weeks, and then become subtherapeutic as the induced CYP3A4 enzymes enhance its metabolism.
Inhibitors are drugs that can decrease the synthesis of CYP450 enzymes. 18 Inhibition of CYP450 enzymes may increase plasma concentrations of a substrate via Phase I metabolism, because the enzyme responsible for metabolism is reduced by the inhibitor. There are warnings associated with many medications about strong inhibitors, as they can be a significant cause of drug toxicity. 16, 17 To add to the complexity, in some cases, the metabolite may be active, so inhibiting the metabolic conversion could reduce toxicity and efficacy. An example is the conversion of codeine to morphine by CYP2D6. Enzyme inhibition occurs within approximately 48 hrs, and its effect is rapidly diminished once the inhibitor is discontinued. 17 The extent to which CYP450 enzymes alter drug concentrations is highly variable and is population dependent by phenotype. The clinical impact is determined by many factors, including the therapeutic index, co-administered drugs that also affect CYP450 enzymes, drug potency, variable and combined metabolic pathways for a single drug, drug dosage form (eg, intravenous [IV] vs oral), renal or hepatic function, patient age, and genetic polymorphisms. 11, 16 The degree of inhibition or induction varies and is defined by the FDA as strong, moderate, or weak ( Table 2) . 19 Inasmuch, it is often difficult to predict the pharmacologic impact when drug concentrations are altered by inhibitors and inducers.
P-Glycoprotein
P-glycoprotein (P-gp) is a protein that actively transports drugs and toxins out of cells. It plays a significant role in drug absorption by functioning as a biological passage inhibitor. 20 P-gp is an adenine triphosphate-dependent efflux transport protein for many substrates, including various analgesics. 11, [21] [22] [23] The primary function of P-gp is to prohibit substrates from crossing biological barriers. P-gp is found in the small intestine, kidney, and liver. 24, 25 It is a major transporter that protects passage through the BBB. 22, 23, 25 P-gp has roles in drug absorption in the small intestine via the luminal facing epithelia ( Figure 2 ) 26 and in drug metabolism in the liver through the bile-facing canaliculi. 11, 22 P-gp also is expressed in the proximal tubules of the kidney, which aids in drug elimination. 11 In vitro and in vivo studies have demonstrated that morphine, methadone, loperamide, meperidine, oxycodone, and fentanyl are P-gp substrates. 27 Much like the CYP system, some of these substrates as well as other drugs may also serve as inducers or inhibitors of P-gp.
If P-gp is induced by a drug, it will prevent the passage of a P-gp substrate drug because there is more P-gp to pump the substrate drug back into the gut, thereby diminishing absorption. P-gp induction may influence the central nervous system (CNS) influx availability and potential efficacy of opioid agonists, 21 as many opioids (eg, morphine, oxycodone) have a high P-gp substrate activity, 28 and chronic administration may result in lower brain concentrations. 29 Examples of P-gp inducers include carbamazepine, dexamethasone, doxorubicin, nefazodone, rifampin, Saint John's Wort, trazadone, vinblastine, tipranavir, rifampin, and others. 30, 31 If P-gp is inhibited by a drug, it could result in elevated absorption of a P-gp substrate drug that otherwise relies on this protective mechanism to curtail absorption. Examples of P-gp inhibitors include clarithromycin, cyclosporine, diltiazem, itraconazole, ritonavir, progesterone, propranolol, quinidine, and verapamil, among others. 31 Inhibitors of P-gp, such as verapamil or quinidine, may change the absorption of coadministered P-gp substrates, such as digoxin or loperamide. 25 For example, when the P-gp substrate loperamide is coadministered with the P-gp inhibitor quinidine, the transport of loperamide across the BBB increases, which can lead to the CNS clinical effect of respiratory depression. 25 Induction and inhibition by P-gp may lead to clinically significant drug interactions, 25 and these effects may be dose-dependent. 11 To add to the complexity of metabolism, CYP3A4 substrates also may be substrates or inhibitors of P-gp. Because of the overlapping substrate specificity between CYP3A4 and P-gp, and because of similarities in P-gp and CYP3A4 inhibitors and inducers, many drug interactions involve both P-gp and CYP3A4. 20, 32 
Drug-Food Interactions
Foods are substances that can affect the activity of certain drugs. These interactions also include effects of herbal medicine and dietary supplements. Food effects can impact gastric emptying (ie, absorption) and alter pH, which in turn, changes the lipophilicity of certain drugs. In addition, various foods and nutraceuticals may be inducers, inhibitors, and/or substrates for CYP and P-gp discussed above. For example, grapefruit inhibits CYP3A4, CYP1A2, and P-gp; 33 St. John's Wort induces CYP3A4, CYP2B6, and P-gp; 34 turmeric inhibits CYP1A2, CYP2C9, CYP3A4, CYP2C19 and 2D6; 35 and oranges inhibit CYP3A4 and P-gp. 33 Food can modulate metabolic enzymes and influx and efflux transporters. 36 Some PAMORAs have food effects, each of which are described below (Table 3) . [37] [38] [39] 
Drug Interaction Overview of PAMORAS Approved for OIC Methylnaltrexone
Methylnaltrexone is available as an oral tablet or subcutaneous (SC) injection and is approved to treat OIC in adults with chronic noncancer pain, including patients with chronic pain related to prior cancer or its treatment who do not require frequent opioid dose escalation. The SC injection is also approved to treat OIC in adults with advanced illness or pain caused by active cancer who require opioid dose escalation for palliative care. 37 In vitro studies have demonstrated that methylnaltrexone does not significantly inhibit or induce many CYP450 enzymes, including CYP1A2, CYP2A6, CYP2B6, CYP2C9, CYP2C19, or CYP3A4 (Table 3) . 37 In a Phase I, randomized, open-label, active-and placebo-controlled trial of healthy volunteers, methylnaltrexone (0.3 mg/kg, SC) did not affect the metabolism of dextromethorphan, a sensitive CYP2D6 substrate. 37, 40 In another Phase I, open-label study of healthy adults, a single dose of methylnaltrexone (24 mg IV, 20 min) was administered before and with the last dose of cimetidine, a moderate CYP3A4 inhibitor. 37, 41 The mean maximal plasma concentration (C max ) and area under the plasma concentrationtime curve (AUC) of methylnaltrexone increased by only 10%. 37 These examples suggest that among drugs known to induce or inhibit CYP450 enzymes, the plasma concentration of methylnaltrexone is not impacted in a clinically meaningful way. The effect of food was assessed in a randomized, openlabel, two-way crossover study, where healthy volunteers were given oral methylnaltrexone (450 mg) with a high-fat breakfast. C max of methylnaltrexone decreased by 60%, AUC decreased by 43%, and time to C max (T max ) was delayed by 2 hrs. 37 Thus, patients with chronic noncancer pain and OIC who take oral methylnaltrexone are advised to do so with water on an empty stomach ≥30 mins before the first meal of the day (Table 3) . 37 Pharmacokinetic differences based on gender have not been reported. Similarly, there are no pharmacokinetic studies in the pediatric population. 37 However, case reports of methylnaltrexone use in terminally ill children who received approved doses showed that methylnaltrexone was safe and effective in this population. 42 In a small study of a single intravenous infusion of methylnaltrexone in healthy adults showed that older patients (>65 years) had a mean clearance that was 20% lower and the AUC was 26% higher than in younger patients. 37 However, in the clinical trial program of oral or injectable methylnaltrexone, no differences between younger and older patients were observed with respect to effectiveness or safety. Therefore, no age-specific dosage adjustments are recommended. 37 
Naloxegol
Naloxegol is a PAMORA used to treat OIC in patients with noncancer pain. 38 Naloxegol is metabolized predominantly by CYP3A and is a substrate of the P-gp transporter. 43 Weak inhibitors of CYP450 3A4 may have a minimal clinical effect on naloxegol, 44 but strong or moderate inhibitors and strong inducers alter the plasma concentration of naloxegol. 43 Elevated serum levels of naloxegol have been shown in clinical studies to increase AEs, particularly gastrointestinal events, and cause premature study discontinuation due to treatment-emergent AEs. 45 The P-gp effect is primarily on absorption in the intestinal tract, however, because naloxegol is readily absorbed and highly soluble, the P-gp effect is likely negligible. 44 Drug-drug interactions between naloxegol and strong CYP3A4 inhibitors have been reported (Table 3 ). Multiple doses of ketoconazole, a strong CYP3A inhibitor and P-gp inhibitor, increased C max and AUC of naloxegol by 9.58-fold (90% confidence interval, 8.10, 11.33) and 12.85-fold (90% confidence interval, 11.31, 14.61), respectively. 38, 44 Thus, the combination of naloxegol with strong CYP3A4 inhibitors is contraindicated because of the possibility of significantly increased exposure to naloxegol, the effects of which have not been established. 38, 46 Likewise, the combination of naloxegol with moderate CYP3A4 inhibitors should be avoided because of the potential for increased naloxegol concentrations. The product label advises that the dosage should be reduced to 12.5 mg once daily, and patients who require concomitant use should be monitored for AEs prior to increasing the dose. 38 For example, multiple doses of diltiazem 240 mg extended-release formulation, a strong CYP3A4 inhibitor and P-gp inhibitor, increased C max and AUC of naloxegol by 2.86-fold (90% confidence interval, 2.59, 3.15) and 3.41-fold (90% confidence interval, 3.16, 3.69), respectively. 38 Drug-drug interactions between naloxegol and CYP3A4 inhibitors or P-gp inhibitors also have been reported. Single doses of oral quinidine (600 mg), a strong CYP3A4 inhibitor and P-gp inhibitor, increased C max and AUC of oral naloxegol (25 mg) by 2.47-fold (90% confidence interval, 2.19, 2.78) and 1.39-fold (90% confidence interval, 1.31, 1.46), respectively, but did not antagonize morphine-related miosis. 38, 47 Similar changes for C max and AUC of naloxegol (2.44 and 1.38, respectively) were reported in another study. 44 By contrast, the impact of drug-drug interactions between naloxegol and strong CYP3A4 or P-gp inducers are not as robust. Studies have shown that multiple doses of rifampin 600 mg, a strong CYP3A4 inducer, decreased C max and AUC of naloxegol by 0.24-fold (90% confidence interval, 0.20, 0.31) and 0.11-fold (90% confidence interval, 0.10, 0.12), respectively. 38, 44 Although the concomitant use of strong CYP3A4 inducers with naloxegol may slightly decrease the concentration of naloxegol, the clinical significance of this potential interaction is not known. 38, 46 PK modeling simulations suggest that coadministration of a single dose of oral naloxegol (25 mg) with efavirenz (400 mg once daily), a moderate CYP3A inducer, results in naloxegol exposure that is similar to that after a 12.5-mg dose of naloxegol alone. 38, 44 Naloxegol does not affect the systemic exposure of morphine and its circulating metabolites. When healthy subjects were given IV morphine (5 mg/70 kg) and a single dose of naloxegol (8 mg-1000 mg), morphine exposure did not increase or decrease with increasing naloxegol dose compared with morphine alone. 38 A single dose of IV morphine (5 mg/70 kg) increased C max and AUC of naloxegol by 0.96fold (90% confidence interval 0.78, 1.19) and 0.94-fold (90% confidence interval, 0.84, 1.07), respectively. 38, 47 However, in a partially double-blind, crossover, randomized trial of healthy subjects given a single IV dose of morphine (5 mg/ 70 kg) plus oral naloxegol (25 mg), morphine did not alter the pharmacokinetic properties of naloxegol and vice versa. 47 Drug-drug interactions between naloxegol and drugs that alter gastric pH (eg, antacids and proton-pump inhibitors) have not been studied; 38 however, food-drug interactions have been reported (Table 3 ). In a Phase I, open-label, randomized study in healthy volunteers, the extent and rate of naloxegol (25 mg) absorption was increased with a highfat meal; C max was increased by 30% and AUC by 45%. 38, 48 According to the product label, naloxegol is to be taken on an empty stomach at least 1 hr prior to the first meal of the day (dosing used in clinical trials) or 2 hrs after the meal. 38 Patients taking methadone for pain may have greater risk of GI AEs that may have been related to opioid withdrawal than patients taking other opioids. 38 While the mechanism has not been established, the authors suspect it could be a function of methadone's long tissue half-life compared with other opioids.
There does not appear to be an effect of gender or age on the pharmacokinetics of naloxegol. However, in a small pharmacokinetic study of elderly Japanese patients receiving multiple doses of naloxegol 25 mg daily, the mean C max and AUC values were 45% and 54%, respectively, greater than that observed in young healthy patients. The clinical significance of this effect has not been established. 38 Naldemedine Naldemedine is a PAMORA approved for the treatment of OIC in adult patients with chronic noncancer pain. 39 Although naldemedine is a substrate of CYP 3A4, it does not inhibit or induce major CYP450 enzymes and does not inhibit P-gp. 49 Concomitant use of naldemedine and strong CYP3A inducers, such as rifampin (Table 3) , should be avoided because rifampin markedly decreases the C max and AUC of naldemedine, which may affect efficacy. A compensatory increase in naldemedine dose is not advised due to the risk of increased GI AEs. 39, 49 Likewise, concomitant use of naldemedine and itraconazole, a strong CYP3A4 inhibitor produced increases in C max and AUC of naldemedine, 39, 49 and concomitant use of naldemedine and fluconazole, a moderate CYP3A4 inhibitor, produced a modest increase in C max and AUC of naldemedine. 39, 49 The labeling for naldemedine advises monitoring for adverse reactions when it is used with moderate and strong CYP3A4 inhibitors because of an increase in plasma concentration, but dose adjustment is not needed. 39 Naldemedine is a sensitive P-gp substrate and drug interactions between naldemedine and cyclosporine, a P-gp inhibitor (Table 3) , have been reported. Concomitant use moderately increased the C max and AUC. 39, 49 Patients should be monitored for adverse reactions, but no dose adjustment is needed. 39 No drug interaction studies of naldemedine and antacids, proton-pump inhibitors, or other drugs that alter gastric pH have been conducted; 39 however, the results of drug-food interaction studies suggest that naldemedine may be taken with or without food (Table 3) . 39 In a Phase I, open-label, randomized study, healthy subjects consumed a high-fat breakfast ≤30 mins before dosing, after a 10 hr overnight fast. 39, 49 The rate of naldemedine absorption was noted to decrease (35% decrease in C max ; T max increase from 0.75 h in the fasted state to 2.5 h in the fed state).
Like naloxegol, no studies have been conducted that show a pharmacokinetic effect based on gender or age. 39 Naloxone and Opioid/Naloxone Combinations Naloxone, a potent, competitive μ-opioid receptor antagonist, has been prescribed for OIC. Naloxone undergoes extensive first-pass metabolism and has a narrow therapeutic index and low systemic bioavailability (≤2%), which is highly variable between patients. 50 Naloxone has not been shown to be a substrate for P-gp. 21 Oral naloxone is available in the fixed-dose oral combinations of oxycodone/naloxone prolonged-release formulation, 51 buprenorphine/naloxone, 52 and pentazocine/naloxone. 53 Oxycodone/naloxone was approved but not marketed in the United States; this combination is currently marketed in Europe, where its indication for severe pain is similar to other ER opioid analgesics. 54 An analysis of oxycodone prolonged-release with naltrexone showed antagonism of peripheral μ-opioid receptors in the GI tract and reduction in OIC with minimal impact on centrally acting opioid analgesia. [54] [55] [56] Buprenorphine/naloxone is indicated in various transmucosal dosage forms for the treatment of opioid use disorder, but it is not indicated for OIC. 57 
Pharmacodynamic Class Effects
There are a few pharmacodynamic interactions of PAMORAs that should be noted since they typically are of clinical importance. For all PAMORAs, the product labels each warn of opioid withdrawal risk alone or when coadministered with opioid antagonists. [37] [38] [39] Concomitant use of the opioid antagonists naltrexone and nalmefene with buprenorphine/ naloxone, for example, may precipitate opioid withdrawal symptoms and should be avoided. 58, 59 Concomitant use of mixed partial agonists (eg, pentazocine), partial agonist/ antagonist opioid analgesics (eg, buprenorphine) or combinations of opioid agonists combined with an antagonist (eg, morphine/naltrexone) in patients taking any full agonist opioid (eg, oxycodone) may reduce the analgesic effect or precipitate withdrawal symptoms. 51 Conclusions OIC is a common adverse effect in patients receiving opioids for chronic pain. The PAMORAs methylnaltrexone, naloxegol, and naldemedine are currently approved for the treatment of OIC. It is important to understand the influence of CYP450 enzymes and P-gp induction and inhibition on the plasma concentration of each PAMORA and to identify PAMORAs such as methylnaltrexone, for example, that do not influence common CYP450 enzymes or P-gp. Lack of pharmacokinetic influence may lead to fewer drug-drug or drug-food interactions and may influence the selection of coadministered medications commonly prescribed for comorbidities associated with OIC.
